Abstract. The aim of this systematic review was to identify new methods of surface treatments applied on titanium grafts and their clinical and histological outcomes, including different routes for surface treatments, respectively the results of in vitro or in vivo tests. These surface modifications analysed meet three main requirements: to prevent nonspecific absorption of denatured protein on the surface, to attract native tissue cells or progenitor cells capable of differentiation in an appropriate manner or to facilitate biochemical signals to induce biochemical healing mechanisms. Therefore, cells will recognize these surface modifications and will be influenced in their adhesion behavior, profiling and differentiation. This review summarizes some of the recent developments in coatings for medical field.
Introduction
During the last few years, a special attention has been directed to the use of implants with bioactive fixation, where this one is defined by the interfacial bonding of an implant by a tissue. An advantage of this biological fixation is that it forms a bioactive implant-bone interface, strength, equal or greater than that of the bone [1] . Titanium (Ti) and its alloys are used as biomaterials in bone surgery because of the good biocompatibility and mechanical properties. The second reason relates to the Ti surface which is always covered by a passive oxide layer (a few nanometers) that is responsible for the resistance of the material to corrosion and bioinert behavior in vivo test. This leads to a perfect osseointegration of material [1] .
Osseointegration describes the ability of establishing a direct contact between a structural and functional endosseous implant and the bone [2] . The meaning point for all these tries of influence the osseointegration process is given by the interaction between the surface and the tissue (texture), where after implantation appears an uncontrolled absorption occurs on the surface of the implant and in a few seconds is covered by water and ions, followed by absorption to the non-specific plasma proteins. The osseointegration process is influenced by the characteristics of the surface like: composition, surface energy, electrical charge and the potential to transfer this task. Depending on these properties that are determined by the pretreatment implant, absorbed proteins can change conformation during the interaction process.
Although the passive oxide layer formed on the surface of the Ti confers resistance to corrosion, it doesn't make it bioactive enough for forming a direct connection with the bone. It is known the fact that thickness of the TiO 2 increases from 5 to 200 nm on the surface of the Ti implants after 5 years of implantation [3] . Unmodified Ti is also suspected by bacterial infection that can lead to the rejection of the implant. These infections can cause devastating complications with high morbidity and treatment costs. A way to reduce bacterial infections on the surface of the implant is to chemically modify the biomaterial surface as to reduce bacterial adhesion, or that bacterial to die upon contact with the surface [4] .
Another potential problem is the unpredictable integration of implant into host bone, and the in clinical practice, orthopedic implant osseointegration is often incomplete, resulting over time the risk of losing the implant. To increase the biological tolerance and improve orthopedic implant healing post-implantation, efforts have been made in promoting specific interactions between host cells and implanted metallic material. These interactions have been produced by the introduction of proteins of the extracellular matrix and the most commonly used is the peptide containing the amino acid sequence (namely "RGD") [4] . Also, by making implants with porous surfaces that can develop bone tissue with blood vessels for irrigation, the risk of rejection of the implant can be eliminated, phenomenon that occurs relatively frequently in the implants manufactured in a conventional manner. Hydroxyapatite (HA) and tricalcium phosphate (TCP) are the most recruited clinically ceramics to treat bone defects and voids. Biological, stoichiometric HA of Ca/P ratio of 1.67 is highly stable and its very slow degradation is mediated by phagocytosis [5] .
The aim of this literature review was to investigate surface treatments applied on Ti parts. Studies were chosen based on their content and the inclusion criteria were in vitro or in vivo trials. The searches for data published up until December 2014 were undertaken using international databases. Finally, 72 articles were selected and remained for the detailed analysis.
So, for the functioning of medical Ti parts in literature the following surface treatments are proposed: inorganic coatings, coatings with organic biomolecules, composite coatings with β-TCP and chitosan, biomimetic coating with calciumphosphate and collagen, and acid etched and blasting process. The summary results of these researches will be exposed in this review.
Surface Treatments
The surface treatment methods for Ti may be: treatments in alkaline or acid environment, by solgel coatings with TiO 2 , anodic oxidation, etc. Anodic oxidation has become the most used method, because it can easily be used for implants with complex geometric surfaces [6] . In the anodizing process, the Ti piece is immersed in an electrolyte, where an electric current is applied. Thus, a thin layer of TiO 2 rough and porous can be obtained. This layer consists enhances in vitro cellular activity of Ti surface and bone-implant binding properties [7] . Under alkaline treatments aimed primarily, the formation of a surface layer of chemically modified, to improve the ability of apatite formation on the surface of artificial implants to immersion in simulated body fluid (SBF) [8] . Treatments in acid environment modify the implants superficial and increase the thickness of the TiO 2 formed naturally. Thus, it improves the adherence and proliferation of cells. Treatment in acid environment could be more intensive if it is performed electrolytic [9, 10] . An alternative to chemical and thermal treatments can be different deposition methods of bioactive coatings on Ti surface. They aim to chemical bonding of bone adjacent to the implant.
1. Inorganic Coatings
HA coating on Ti surface is a method frequently used because of its biocompatibility and bioconductivity [11] . The plasma spraying is currently the commercial method of deposition of HA on metal implants [12] . However, long-term stability of the HA coating is problematic due to the presence of a small amount of amorphous with a non-stoichiometric composition and non-uniform [13, 14] . Therefore, other methods of deposition of HA were developed by international researchers and they will be described below. An electrophoretic deposition technique was used to deposit HA coatings on titanium alloy (Ti 6 Al 4 V) surface, and then was sintered in vacuum at 800°C [15] . It is proved that the surface roughness improves osseointegration of Ti implants and to increase roughness of implants at nano level to have a surface similar to that of bone, was attempt deposition of nanotubes [16] .
A new process was established to produce nanotubes of TiO 2 , based on the anodized Ti to improve bioactivity, and to enhance the binding ability of the bone-implant [17] . It is known that HA exhibit bioactivity and also integrates into living tissue by the same mechanism of action in healthy bone remodeling [18] . The nanotubes contribute to increased surface roughness and having a positive effect for subsequent deposition of HA. The structure of the nanotubes serves excellent anchoring of HA by mechanical interlocking of the implant in bone [17] .
Preparation of HA deposition of TiO 2 nanotubes can be achieved through the following methods: cathodic deposition, electrodeposition and biomimetic deposition. Calcium-phosphate (Ca-P) deposition in nanotubular TiO 2 layer is made by a process of electrodeposition where electrolytes containing salts. In order to obtain uniform deposition of HA, it was necessary to be treated in an alkaline medium. Submission by a biomimetic method without any surface treatment has been shown to be effective for HA coating of nanotubes of TiO 2 . Thus, the deposition of HA can be achieved by immersion in SBF, where the calcium and phosphate ions are rapidly deposited on the nanotubular film [17] .
W. Medeiros et al. [19] studied a biomimetic process of precipitation porous Ti implants to be bioactive. The study reveals that Ti samples with interconnected open and closed pores were prepared by powder metallurgy and then immersed in SBF at 37°C for 2-28 days. Analysis of SEM images, shows that deposition of Ca-P to Ti surfaces takes place without any pretreatment, thus can improve the bioactivity of parts made of Ti alloy. The study concluded that the immersion of samples in SBF promote the nucleation and growth of crystals of Ca-P, for example HA on the surface of the material.
Coatings with organic biomolecules
Bioactive molecules can be immobilized on the surface of the Ti to enhance the regeneration of the bone implant interface. Compared with the filing of the above inorganic phosphate, changes of surface biomolecules using pure organic components of bone tissue are in order to influence the response [20] . So far there are used four approaches to deposit organic molecules: immobilization of extracellular matrix protein or peptide sequences as modulators of cell adhesion to bone [21] , deposition of the growth factors to the onset of new bone formation, immobilization of DNA (deoxyribonucleic acid) structural reinforcement and Ti surface modification of enzymes to improve bone mineralization [22] .
Growth factors are proteins that serve as a cell signaling agents, and are secreted by cells that must meet a specific action. They promote replication, differentiation, protein synthesis and/or migration of a suitable cell type [20] . Once a growth factor binds to a receptor on a cell, it induces the intracellular signaling system that produces a biological response. Thus, the release of growth factors from the surface of the implant may increase the bone tissue osteoblast activity, promoting bone regeneration. Regeneration of bone around the implant can be increased by the immobilization of growth factors such as bone-forming proteins (BMP), transforming growth factor type β (TGF-β), fibroblast growth factors (FGF) on the surface of Ti. A common osteogenic growth factors used in the medical field are TGF-β superfamily, including BMP family [23] [24] [25] .
Improving osteoconductivity of Ca-P coatings can be produced by the addition of bone growth factors. Regeneration of bone around the implant coated with Ca-P can be greatly enhanced by immobilizing the growth factor BMP-2 and TGF-β on the surface of the implant. Immobilization of growth factors leads to inorganic Ca-P delay the transport of growth factor and making its high stability [20] . Y. Liu has been used Ca-P coatings on Ti surface for transport the growth factors such as BMP-2 [26] . Ca-P coating involves the nucleation and growth of mineral crystals of the bone, following a pre-treatment of the implant by dipping it into a supersaturated solution of Ca-P under physiological conditions of temperature (37°C) and pH (7.4). The layer of Ca-P formed and then as a transport system incorporating varied amounts of the growth factor BMP-2 (1-3 μg/implant). For in vitro tests, potential osteogenic growth factor incorporated BMP-2 was evaluated by monitoring alkaline phosphatase activity of bone marrow stromal cells of rats. Thus, the potential of the osteogenic growth factor BMP-2 is not only retained but it is enhanced by its incorporation of Ca-P layer, perhaps by virtue of a localized concentration effect. So, immobilization of growth factors on the surface of pre-coated Ti implants with collagen, or Ca-P were found to be more effective in inducing the formation of the bone than the binding of the growth factor directly to the surface of untreated Ti [20] .
3. Composite coatings with β-TCP and chitosan
Medical devices and implants could be a main source for bacterial adhesion and can create different complications in surgery field [27, 28] . Some of Ti implants do not prevent these complications and an alternative could be a bioactive coating with antiseptic properties like Chitosan (CS). CS is a biological, biodegradable and nontoxic polymer [30, 31] and it has been shown that it can increase the growth and attachment of cells [32, 33] . The antibacterial properties are provided by the positive charge of the amino groups along the biopolymer chain [34, 35] . P. Renoud et. al [36] investigated the functioning of titanium with CS via a silanation. The surface chemistry and mechanical properties of the samples were analyzed. The results showed that the CS proves to be a good solution for coating the Ti, the obtained structure has good mechanical properties and the antibacterial properties are maintained. Also, the coated material is non-cytotoxic for fibroblasts and it is more biocompatible than Ti. The researchers concluded that this method of covalent coating provides a biocompatible material with improved bioactive properties [36] .
Also, CS coating on the Ti alloy implant promotes the antioxidant effect and supportive function on osteoblastic biological behavior under diabetic conditions, which was further confirmed by improved osseointegration in diabetic sheep [37] . This research provides deep insight into the mechanisms underlying diabetes-induced impaired osseointegration targeting at the bone-implant interface. The anti-oxidative property of CS could be an alternative therapeutic strategy for accelerating the integration of Ti and reducing implant failure in diabetic patients [37] .
4. Biomimetic coating with calcium-phosphate and collagen
Natural polymer like collagen has the ability to support the cell growth in most tissues. It enjoys several advantages including versatility and processability that enables imparting the desired morphology like porosity (different range of pore sizes and shapes) and suitable mechanical response. Physical-chemical properties of polymer matrices could be modified and the mechanical characteristics and degradation rate can be suitably tailored by varying the chemical composition. The incorporation of additive chemical functionalities is therefore required in order to improve their chemical bioactivation [38] [39] [40] .
A composite coating consisting of collagen and Ca-P mineral is believed to be bioactive and can enhance the growth of the bone and fixation of the implant of Ti. Since collagen is the main organic component of the extracellular matrix, it induces a positive effect on cell adhesion, proliferation, and differentiation of many cells in culture. Also, collagen provides a high biodegradability and excellent biocompatibility in vivo test. Xia Z. et al. [41] used to conduct research three solutions of SBF with different contents of collagen and the Ti samples were soaked in these SBF modified solutions at 40°C for 24 hours. Following characterization of composite samples coated with collagen/apatite it could be concluded that osteoblastic cell proliferation was significantly higher compared to pure apatite deposit only [41] . For long-term primary stability of an implant with bioactive coating, the adhesion resistance is very important. a) b) Fig. 1 . Endosseous experimental implants manufactured by AM process from Ti, a) Cylindrical implant with 56% porosity and 2 zones: a compact one with 2.5 mm thickness similar to cortical bone and a macroporous area made from lattice structure with interconnected pores like trabercular bone; b) SEM imagine with macroporous structure (lattice), 100x magnification
The bonding strength test shows that the deposit doesn't have a high resistance and produce invoices. This surface treatment can be applied on implants with lattice zone [42] and the adhesive strength between bone and implant in this area will be avoided. Figure 1 shows an example made by Additive Manufacturing (AM) process from Ti powder, similar to the human bone with a compact zone like cortical bone and a macroporous area like trabercular bone, which could be biomimetic coated with Ca-P and other natural or synthetic polymers, especially in this interconnected lattice area. These samples presented in Fig. 1 were developed by authors of this review for future bioactive coatings.
W. At. et al. [43] published a complex study about the effect of UV on bioactivity of Ti implants. The researchers cultured rat bone marrow-derived osteoblastic cells on the Ti implants (new and old Titanium disks, Titanium disks treated with UVA, Titanium disks treated with UVC) and studied possible changes of the bioactivity for Ti surfaces during their aging. They also investigated the effect of UV light treatment on these surfaces [43] . They concluded that UVC treatment of the aged surface increased its cell attachment capacity to a level 50% higher than the new surfaces, whereas UVA treatment had no effect [43] .
Biomimetic treatments in combination with bioactive bulk inclusions may assure a uniform bioactivation of different substrates by promoting an efficient nucleation and growth of bone-like crystals for bone regeneration [38, 44] . It was clearly shown in many scientific papers that Ca-P coating accelerates bone formation around the implant [38] and promotes bone healing and apposition, leading to the rapid biological fixation of implants.
Acid etched and blasting process
Based on promising experimental data, clinical trials using implants with sandblasted and acidetched (SLA) surfaces were initiated to test the new Ti surfaces in patients. These trials showed that healing periods with the new surfaces were shorter than the healing periods of 3-6 months that had been the standard in clinical practice for almost three decades [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . SLA provides both a micro roughness and waviness that seems to enhance bone contact with the implant surface. The Ti surface was first sandblasted with large particles creating a grossly rough surface followed by acid etching, forming a micro rough surface with micro pits between 1-4 µm [55] [56] [57] . Similar rough surfaces developed by the authors of this review can be seen in Fig. 2 . It has also been shown in vivo test made on rabbits that implants with this macro-textured surface ensured better endosseous integration and improve the implant primary stability [55, 57] . Orthopedic roughening and dental implants utilizing alumina (Al 2 O 3 ) abrasives is a common practice to enhance implant osteointegration in vivo [58] [59] [60] . However, the use of apatite abrasives is often preferred as it enhances bone formation [61] [62] [63] . It has been shown that this technique can be effective in depositing a thin layer of Ca-P on the surface being roughened [58, [63] [64] [65] .
Some researchers had proved that the manufacturing process and patterned topography have a significant influence on long term adherence and cell proliferation in vitro, irrespective of composition and surface roughness [58, 66] , and early controlled osteoblast alignment was demonstrated on patterned substrates [58, 67] .
Recently, a novel approach CoBlast TM (Coated and Blasted) has been shown as an alternative process to deposit HA and substituted apatite's onto Ti substrates [58, [68] [69] [70] [71] . The CoBlast technique is based on the convergent flow of an abrasive and a doping stream onto the implant surface which can effectively impregnate the metal with the doping material [68] .
The CoBlast approach manipulates the ability of abrasive blasting to achieve surface roughening and bioactive layer deposition [58, 71] . Abrasive blasting involves impacting the implant metal surface with abrasive particles under pressure to roughen the surface.
It was also proved that employing differing grades of apatite abrasives in the CoBlast process, greater control over surface topography can be achieved, which offers the capability to improve bone-implant contact in vivo [58] .
Conclusions
Advances in manufacturing, cell biology and material science have driven the development of new biological coatings for medical implants that aim to recapitulate the natural environment of growing bone [72] . In recent years, according to the modern concepts of bone tissue engineering, porous structures have been extensively investigated and different methods were developed for increasing the osteointegration of Ti implants via surface treatments.
This study presents a summary of the surface treatments applied on Ti implants like: inorganic coatings, coatings with organic biomolecules, composite coatings with β-TCP and chitosan, biomimetic coating with calcium-phosphate and collagen, and SLA process.
The studies demonstrated the potential of surface treatment applied on Ti implants and the biologic responses were investigated in different in vitro studies, in which human fibrin clot formation and the behavior of human osteoblasts cells were analysed. The osteointegration of implants was also tested in vivo in histological studies and satisfactory outcomes were investigated.
However, the ideal endosseous implant should be able to promote osteointegration, deter bacterial adhesion and minimize prosthetic infection. Further studies that clearly demonstrate the benefits of surface treatment on Ti implants are needed. A correlation between studies on surface treatments and in vivo tests would lead to a better osseointegration knowing all aspects that may influence the osteoinduction and osteoconduction.
